Acoustic analysis of the vocalic portion of consonant-vowel-consonant (CVC) syllables
order to obtain a nonambiguous specification Of vowels in the F 1 dimension, these shifts should be small enough to allow two different vowel areas, which are contiguous in the F 1 dimension, not to overlap. Second, markedly different F 1 and F2 values can correspond to the same vowel when this vowel is pronounced by different speakers. This paper focuses on the problem of nonambiguous specification of vowels in the F 1 dimension. The results of the acoustical analysis obtained will be compared with previous studies on the acoustic properties of vowels. In particular, we examine the formant displacement of the vowels in all consonantal contexts from the ideal "target" configuration (obtained when V is considered in the hVd or in the #Vd syllables) and attempt to interpret the results obtained either on the basis of acoustic centralization (Delattre, 1969) or on the basis of contextual assimilation (Lindblom, 1963 ; Stevens and House, 1963) . In fact, these two different hypotheses have been proposed by these investigators to account for vowel reduction. An attempt is then made to specify temporal and spectral properties of F 1, which could be hypothesized to be related to vowel height. The perceptual verification of these hypotheses is the focus of the Di Benedetto (1989) companion paper. (Huang, 1985) .
The vowels under study were considered in the context of voiced and voiceless stop consonants ([b,d,g,p,t,k]), forming CVC syllables, pronounced in the sentence frame "The __ again." All the possible combinations between the five vowels and the six consonants listed above were considered, with the exclusion of nonsymmetrical contexts with respect to voicing. In this way, CVC syllables such as bVg or kVt were included in this analysis, while CVC syllables such as dVp or tVb were excluded. In addition, hVd and :•Vd syllables were analyzed. In fact, it is in these contexts that vowels have been assumed in other studies (Peterson and Barney, 1952; Stevens and House, 1963 ) to be minimally disturbed by coarticulatory effects. It has been possible, then, to compare the acoustic patterns of the vowels under study in stop consonantal contexts with those in the hVd and #Vd syllables.
B. Speakers and recording conditions
Three native speakers of American English, one female and two males, who were phonetically trained, uttered the speech materials described above. The first male speaker (KS) is originally from Canada, but he has been living in Cambridge, MA, for many years. The second male speaker (JP) is from New York and has been living in Cambridge, MA, since 1979. The female speaker (CR) is also from New York. She has been living in Cambridge, MA, since 1983.
The speakers were asked to pronounce the sentences carefully and clearly. Ira mistake occurred, the sentence was repeated. The sentences were pronounced in a random order, using the following procedure. The CVC syllables were written in phonetic symbols on cards, one on each card, which were then shuffled. The three speakers knew phonetic symbols and they uttered the sentences reading, from the card, the appropriate CVC syllable. This procedure was repeated three times. Thus three tokens of each vowel in each consonantal context were available. A record of the sentence orders was kept after each repetition.
The speech materials were recorded in a sound-treated room using high-quality equipment. The distance between the microphone and the speaker's mouth was about 20 cm. The recorded materials were then evaluated by a phonetically sophisticated listener; all the syllables were judged to be 
C. Measurement procedures
The speech materials were analyzed using a software program KLSPEC developed by Dennis Klatt on the Speech-VAX and described extensively by Klatt (1984) . This program allows visualization of a 512-point DFT transform of slices of the signal (predifferenced and premultiplied by a Hamming window) and the corresponding time waveform on the screen of a VT 125 terminal. The duration of the Hamming window was 30 ms at the sampling rate considered. In addition, fundamental frequency was determined and displayed in those cases in which local spectral maxima occurred with regularity. The estimation of fundamental frequency was obtained by collecting frequencies of local maxima occurring below 3000 Hz and judging the F0 to be that frequency which accounted for most peaks as harmonics.
The program KLSPEC also calculates and displays a smoothed wideband spectrum. This pseudospectrum is obtained by windowing a slice of signal (for example, 256 samples, which correspond to 25.6 ms at a sampling rate of 10 kHz) and computing a 256-point DFT. An approximation to the filter set used in a broadband spectrogram display is then obtained by forming a weighted sum of adjacent DFT sample energies for each of the 128 spectrogramlike filters. The use of the pseudospectrum is of interest in the estimation of formant frequency positions. In fact, local maxima in this spectrum are most often indicative of the frequency positions of the formants. An interpolation algorithm im-proves the accuracy over the 40-Hz resolution implied by a 128-sample spectrum over 5 kHz. The program provides a display of the location of the prominent spectral peaks. The possibility of computing the linear prediction coding (LPC) spectrum was also available. Figure 1 (c) shows the LPC spectrum display when the same speech segment considered in Fig. 1 (a) and 1 (b) was analyzed (the number of LPC coefficients was 14).
The smoothed wideband spectrum was used for the estimation of the formant frequencies of the vowels under analy- In previous work on acoustic analysis of American English vowels, vowels were characterized by the values of F 1 and F2 sampled at one or more instants of time in the vocalic portion. Different ways of choosing these sampling points were employed in the various studies, and there is a lack of uniformity in the procedures adopted. For example, in a study by Lisker (1984) , the sampling point corresponded to the time at which F 1 reached its maximum. In a study by Stevens and House (1963) , vowels were represented by the F 1 and F2 values sampled in three contiguous points, selected midway between the beginning and the end of the vowel. In a study of Swedish vowels by Lindblom (1963) , vowels were represented by the values of the first three formants at the time at which the first derivative of the corresponding formant curves was equal to zero.
In the present study, the trajectories were sampled at the However, this hypothesis, as F 1 loci for consonant configurations are always at low frequencies, does not explain why the articulatory system should pass through a configuration characterized by a value of F 1 typical of the hypothetical target to reach another value of F ! that is higher than the ideal one. Even though this effect can be explained On the basis of an undershoot hypothesis, in some cases there does not seem to be any particular evidence in the behavior of the system for a tendency to try to reach some hypothetical ideal target configuration.
The concept of an ideal target configuration that one would tend to approach, at least in terms off 1, may be misleading. Instead of considering the vowel as minimally or maximally disturbed by coarticulatory effects, one may want to consider the vowel as affected differently in different F2 context. In fact, when a displacement in F 1 values, with respect to an hypothetical ideal target, is observed, there may be some different or additional cues to a single value of F 1 that could supply the listener with the information necessary to identify the vowel.
•a0c In particular, it may be possible that this additional information is contained in properties associated with temporal and/or spectral variations of F 1. In order to verify this hypothesis, an analysis of the F 1 trajectories of the vowels under study was carried out. Particular attention was given to two points. The first regarded the study of temporal prop- were well fitted by a straight line and that the F 1 timing increased with the F 1 maximum; this is equivalent to saying that, when F 1 was in the high-frequency range, the F 1 maximum was reached later in the vocalic portion than when it was in the low-frequency range. Also, R ----0 means that the points could not be well fit by a straight line and that it was not possible to assert that the F 1 timing increased with the F 1 maximum. Intermediate R values represent situations that fall in between these two extreme cases. Table II Fig. 12, which  shows the F 1 speed values (on a logarithmic scale) versus F 1  maximum values for the three speakers [Fig. 12(a) F 1 and F 2 values. Finally, an additional investigation showed that it was not possible to determine whether the temporal and spectral properties observed contributed to the variation of a parameter directly associated with time-varying properties of F 1. The interpretration was that properties associated with temporal and spectral variations may both be important in discriminating vowels along a dimension of height.
The perceputal relevance of the properties observed is investigated in Di Benedetto (1989) 
